There is limited understanding of the effects of rice residue biochar, particularly when applied in combination with nitrogen (N) fertilizer on soil fertility, soil C sequestration and crop productivity. A one-year pot experiment was established to examine effects of rice residue biochar (0, 10, 20 and 40 t ha -1 ) and N (0, 60, 90, 120 and 150 kg N ha -1 ) in soils with contrasting texture (loamy sand and sandy clay loam) in a wheat-maize cropping sequence. Biochar was only applied once before sowing wheat. Biochar alone or in combination with N did not significantly increase wheat biomass in both soils, whereas biomass of maize (next crop) was significantly increased from the residual effect of biochar, alone or in combination with N fertilizer. In both soils, electrical conductivity (EC) and pH, oxidisable organic carbon (OC), microbial biomass carbon (MBC), dissolved organic carbon (DOC) and available nutrients (NPK) increased with increasing rates of biochar addition. However, addition of N with biochar (cf. biochar alone) did not change pH and oxidisable OC values but increased EC significantly. After one year, the soil organic carbon (SOC) stocks increased beyond the input of biochar-C, that is, by 0.1-2.1 t ha -1 and 1.8-4.8 t ha -1 in loamy sand and sandy clay loam, respectively, across all treatments. It may be concluded that the potential benefits of rice residue biochar to soil functions and crop production may encourage growers to minimise open field burning of straw, which is a common practice in the region.
Introduction
Increased grain productivity during green revolution in the developing economies of the world has also resulted into a proportionally surplus crop residue generation. In Asian countries, rice and wheat are the major crops, contributing around 30% of the total biomass production (Haefele et al. 2011) . Generation of such large amount of crop residues however causes considerable crop management problems in This open air burning results in the loss of nearly the entire amount of carbon (C), 80% of nitrogen (N) and sulphur (S) and 10-20% of phosphorus (P) and potassium (K) present in the straw. In addition, dangerous gases such as carbon monoxide, methane, nitrogen oxide, sulphur dioxide and very small aerosols are released into the air, thus adversely affecting atmospheric composition .
In recent years, a high temperature (e.g. 300-600 o C) conversion of crop residues into biochar and biofuel under controlled conditions, with no or low oxygen (known as pyrolysis), has been proposed as an option to manage and thereby minimise the adverse impacts of open air burning of crop residues (Lehmann and Joseph 2009) . Particularly, if biochar, a stable C-rich solid residue, is returned to the same field where residues would have been removed for pyrolysis, this process may return many nutrients, and improve soil properties such as soil bulk density, water holding and cation exchange capacity, favouring the retention of water and nutrients (Zheng et al. 2013) . Further, biochar application together with chemical fertilizers has been shown to increase agronomic benefits in terms of crop production especially in soils with low fertility, either by acting as a direct source of nutrients or by enhancing nutrient availability due to improvements in soil physical, chemical and biological properties (Lashari et al. 2015) . For example, combined application of biochar and N fertilizer has been found to have positive impacts on soil functions, and crop N uptake and productivity (Laird et al. 2010; Jeffery et al. 2011; Lori et al., 2013) . On the other hand, immobilization of N due to addition of C-rich biochar and reduced bio-availability of essential nutrients through their sorption on biochar has also been reported (de Sousa et al. 2014 ). These processes have been observed particularly at higher application rates of biochar (Haefele et al. 2011), or as biochar ages in soil (Singh et al., 2010) . Thus, there is a further need to assess responses of plant growth and key soil functionality attributes to the combined application of biochar and N fertiliser at different rates. Earlier literature suggests that biochar can improve plant growth and yield by acting as a direct nutrient source or altering nutrient availability through cation exchange, surface interactions and water availability processes (Laungani et al. 2016 ).
However, all of these processes are dependent on biochar type and application rate, biochar ageing in soil, soil type and environmental conditions (Lori et al., 2013; Olmo et al. 2016) . Similarly, Haefele et al. (2011) suggested that the effects of rice residue biochar addition on soil fertility and crop yield will depend on site-specific conditions. Thus, ambiguity about the benefits of biochar made from different feedstocks in diverse ecological regions has limited its use in agriculture.
Therefore, the present study addresses the proposition that biochar produced from surplus rice straw may provide benefits to soil properties and enhance crop biomass/yield of both, first and second, rotation crops in a wheat-maize cropping sequence when added in varied textured soils at different rates either alone or in combination with N fertilizers.
The findings may have important implications for
subsistence of agriculture and for the sustainable use of surplus rice straw residue in the region.
Materials and Methods

Soil collection and characterization
Two soils varying in texture i.e. loamy sand (LS; 82% sand, 1.8% silt and 16.2% clay) and sandy clay loam (SCL; 59% sand, 8.6% silt and 32.4% clay)
were collected from the A horizon (0-30 cm) of a research farm situated at Punjab Agricultural University, Ludhiana, (30°56′ N, 75° 52′ E) India, after harvest of the maize crop from a non-experimental area.
The study area is characterized as a sub-tropical and semi-arid type of climate with hot and dry summers from April to June followed by a hot and humid period during July to September and cold winters from November to January.
Average minimum and maximum air temperature range between 18 °C and 40 °C during summer, and 6.7 °C and 22.6 °C during winter, with a mean annual rainfall of 700-800 mm. From a given soil, 10 sub-samples were collected using a shovel and thoroughly mixed to get a composite sample.
The soils were air dried, passed through a 2 mm sieve and put into pots. The pot experiment was conducted during the cropping year 2013-14 (on wheat 2013-2014 and maize 2014) in a glasshouse.
Biochar production
This study used rice straw derived biochar and the feedstock was generated after harvesting of a rice crop in the Punjab region in India. An intermediate pyrolysis technique was used to produce biochar. Pyrolysis, a thermo-chemical conversion process occuring inside a reactor, separates the ash rich biochar from the vapour fraction. Prior to pyrolysis the straw was pelletised into pellets with a size of 8 mm in diameter and 10 to 12 mm in length. The pyrolysis temperature was fixed at 380 °C with the residence time of 5 min and the resultant biochar yields were around 35% (dry weight). The biochar pellets were homogenized, powdered and passed through a 2 mm sieve before application.
Soil and biochar analysis
Initial samples of both soils (LS, SCL) and the biochar were analysed for various properties (see Table   1 ). Standard methods of AOAC (2000) At the end of first year of the wheat-maize cropping sequence, collected soil samples from the pot experiment were air-dried, ground and passed through a 2 mm sieve to remove fine roots and analysed for various soil properties (reported in Table 1 ). Both EC and pH were measured in a 1:5 soil/biochar:water suspension after 1 h end-over-end shaking at 25 °C.
Microbial biomass C (MBC) was determined on the freshly-collected, sieved (2 mm) soil samples by the fumigation-extraction method. Total elemental concentrations in the soils and biochar were determined by digesting with di-acid and thereafter samples were analysed using inductively coupled plasma emission spectrometry. Oxidizable organic C (OC) in the soil or soil-biochar mixture was estimated using dichromate digestion method (Walkley and Black 1934) and total C (TC) in the biochar and soil samples was determined by dry combustion using a CHNS Elementar analyzer (model Vario EL III). Available N, P and K in the samples were analysed using standard methods (Page et al. 1982) . Total C stock (t/ha) in the soil or biochar-soil mixture collected from the pots (15 cm soil depth) was calculated using the following equation:
Increase in total C (ΔTC) and soil organic C (ΔSOC) stock (t ha -1 ) in soils amended with different rates of ΔTC = Total C in biochar amended soil -Total C in unamended soil
biochar and N was calculated using equations 2 and 3, respectively.
ΔSOC =ΔTC -Biochar C input in the amended soils All fertilizers were applied after dissolving in water.
Wheat was harvested at maturity (after 4 months), and maize at the tillering stage (after 2 months). Dry biomass for both wheat (grain + straw together) and maize crop (straw only) was recorded after drying the samples to a constant weight in an oven at 60 °C.
Statistical analyses
Data were analysed using the two-way (nitrogen x biochar level) analysis of variance (ANOVA) with 
Results
Crop biomass
Irrespective of the soil types, the addition of biochar at different rates, with or without N fertiliser, did not ), maize biomass decreased or had no additional benefit irrespective of biochar rate and soil type (Figure 1 ). Consequently, no significant relationships were observed between biomass yield (wheat or maize) and measured soil properties when N was added along with biochar at different rates.
Soil properties
Soil EC and pH.
On average, compared to unamended control, the value of pH increased by 0.1-0.3 units with the highest increase observed for the highest biochar addition rate in both soils ( (Table 2) . In both soils, the highest increase in EC was found in the treatments with the highest rates of biochar (40 t ha -1 ) and N addition (150 kg N ha -1 ).
Carbon dynamics.
In N60  N90  N120  N150  N0  N60  N90  N120  N150  N0  N60  N90  N120  N150  N0  N60  N90  N120  N150   B0  B10  B20 in LS and 17-30% in SCL, respectively. Interestingly, the total SOC in the biochar-soil mixture (Table   3 ) was found to be higher than the total initial input of biochar C at the end of the experiment (i.e. higher by 0.1-2.1 t C ha -1 and 1.8-4.8 t C ha -1 in LS and SCL, respectively)
Available nutrients (N, P, K).
Application of biochar at increasing rates (10, 20 and 40 t ha -1 ) increased available N compared to the unamended control (B0N0) by 17.4%, 23.2% and 27%
in LS and 22%, 31% and 34% in SCL, respectively (Table 4) (Table 4) . However, addition of N with biochar did not influence P and K availability consistently in all the treatments. ) and N (0, 60, 90, 120, 150 kg ha -1 ) after one year of wheat-maize cropping sequence.
Discussion
Effect of biochar on crop biomass
Crop productivity is often reported to increase with biochar application to soils but not always consistently (Jeffery et al. 2011; Subedi et al. 2016) . In the present study, wheat biomass varied from 82 to 99 g pot -1 in the unamended soils, which was not signifi- especially on a short-term basis (Kloss et al. 2014; Reibe et al. 2015) , possibly due to nutritional imbalances and toxicity (Ippolito et al. 2012) . Similarly, in the present study, decreased crop biomass at the highest rate of biochar addition (40 t ha -1 ), may have been due to availability of some phyto-toxic compounds above critical levels. According to EPA (2008), toxicity to soil organisms is directly proportional to the critical amounts of available poly-aromatic hydrocarbons (PAHs). However, in our study, all tested PAH compounds were below the detection limits and thus at such low concentrations, we do not expect that the decreased crop biomass could be attributed solely to the supply of toxic levels of PAHs via biochar application in soil. Consistent with our results, Zheng et al. (2013) also suggested that biochar addition greater than 1%
(w/w) may not lead to higher crop biomass. Thus, the optimal level of biochar for different environments should be determined to get the desired crop and soil functionality benefits.
On the other hand, application of N (up to 120 kg N ha 
Effect of biochar on soil biochemical properties
Soil pH and EC.
The rice residue biochar contains high concentrations of soluble oxides, hydroxides and carbonates of Ca, Mg and K (Table 1) , which may have contributed to the increase in soil pH, as observed in our study (Table   2 ). Similar increase in soil pH were reported by Laird et al. (2010) , where biochar with high ash content (14-56%), similar to present study (36% ash), were used.
Application of biochar in combination with N showed no change in soil pH, relative to the biochar only treatment (Table 2) , possibly due to the high buffering capacity of biochar (Muhammad et al. 2017) .
Further, our results showed a significant increase in EC with increasing rate of rice residue biochar, with high EC (12.5 dSm -1 ) and presence of soluble salts (Table 4) , after one year of wheat-maize cropping. In addition, combined application of biochar and N may also enhance plant C input and release organic acids that react with sparingly soluble salts already present in soil and convert them either into soluble salts or increase their solubility (Sarwar et al. 2008) . Furthermore, in both soils, the EC values increased when both biochar and N were applied together, particularly at higher addition rates, possibly due to the exchange of ) and K + ions in the soils and biochar, thus increasing the concentration of salts in the solution (Wu et al. 2014) .
Carbon dynamics.
Earlier research findings have shown that biochar supports the growth of microorganisms, possibly by providing intrinsic labile organic components for microbial utilisation . Biochar presence had a positive effect on microbial biomass in the present study (Figure 4) . Furthermore, studies have suggested that micro-structures within the biochar support its strong affinity for DOC (relatively labile organic matter) and nutrients to support microbial growth (Lehmann et al. 2011) . Since the biochar used in the present study had large surface area and porous structure, as was evident from SEM images (data not 
Available nutrients (N, P, K).
Biochar presence, at increasing application rates (10, 20 and 40 t ha -1 ), enhanced available N in both soils possibly due to higher biochar-induced mineralisation of N from native soil organic matter, and also to some extent from microbial mineralisation of organic N in the biochar. As biochar is a relatively high C:N ratio organic matter input in soil, while containing some labile organic matter, this may increase demand for soil N by microorganisms and therefore, the mining of soil organic matter for N may enhance N mineralisation and availability in the soil (Mandal et al. 2016) . High surface area and a possible increase in cation exchange capacity (CEC) of the biochar during its ageing may also enhance availability and retention of organic matter released N in the soils (Olmo et al. 2016) .
Similar to N, available P and K increased with increasing rate of biochar application in both soils in the present study. Lashari et al. (2015) suggested that biochar might contain significant amounts of soluble P and K, contributing to plant-available nutrient pools upon incorporation in the soil. Although addition of urea N has been reported to enhance soil acidification in the microsites, application of biochar can buffer the N acidification effect and minimise pH changes (Xie et al. 2013 ).
On the contrary, higher availability of P and K in the biochar and N amended treatments has been reported by Subedi et al. (2016) due to inhibition of P and K adsorption or precipitation after fertilizer additions.
Conclusions
Results of the study showed that rice straw derived biochar, when applied at definite rates to contrasting soils, could provide beneficial effects on crop biomass and soil functions. In addition, enhancement of total and soil organic C stocks (beyond the input by biochar that is, by 0.1-2.1 t ha -1 in LS and 1.8-4.8 t ha However, in contrast to relatively short-term greenhouse studies, biochar impacts on soil functions and properties may vary under field conditions that make it imperative to test these findings in long-term field experiments.
